Much of the mechanism by which Wnt signaling drives proliferation during oncogenesis is attributed to its regulation of the cell cycle. Here, we show how Wnt/b-catenin signaling directs another hallmark of tumorigenesis, namely Warburg metabolism. Using biochemical assays and fluorescence lifetime imaging microscopy (FLIM) to probe metabolism in vitro and in living tumors, we observe that interference with Wnt signaling in colon cancer cells reduces glycolytic metabolism and results in small, poorly perfused tumors. We identify pyruvate dehydrogenase kinase 1 (PDK1) as an important direct target within a larger gene program for metabolism. PDK1 inhibits pyruvate flux to mitochondrial respiration and a rescue of its expression in Wnt-inhibited cancer cells rescues glycolysis as well as vessel growth in the tumor microenvironment. Thus, we identify an important mechanism by which Wntdriven Warburg metabolism directs the use of glucose for cancer cell proliferation and links it to vessel delivery of oxygen and nutrients.
Introduction
Normal patterns of Wnt signaling are necessary for tissue development and maintenance, but aberrant Wnt signaling is implicated in many cancers, especially colon cancer (Bienz & Clevers, 2000) . Overactive Wnt signaling leads to constitutively active b-catenin, which via LEF/TCF (lymphoid enhancer factor/T-cell factor) transcription factors leads to inappropriate activation of Wnt target genes (Clevers, 2006; Klaus & Birchmeier, 2008) . Previous studies have identified multiple functional outputs of oncogenic Wnt signaling, including proliferation, EMT induction, angiogenesis, migration, and cell survival (Brabletz et al, 2005) . Here, we propose a novel function in the regulation of cancer metabolism.
Cancer metabolism is quickly regaining a forefront position in research as its role in epigenetics, proliferation, and survival is understood to be fundamentally connected. Otto Warburg first recognized that cancer cells ferment much of their glucose supply into lactate regardless of the presence of oxygen, a phenomenon termed the Warburg effect, or aerobic glycolysis (Warburg, 1956) . It is now appreciated that cancer cells have different metabolic demands than normal cells and they therefore modify their use of metabolites to meet those demands. Instead of a dominant program for efficient production of ATP, proliferating tumor cells rely on a metabolic program of glycolysis to support anabolic production of biomass Vander Heiden et al, 2009 ). An emphasis on glycolysis is thought to be driven not only from exposure to hypoxic conditions [mostly through stabilized HIF1a (Semenza, 2010) ] but also by oncogenic signaling pathways, such as PI3K/AKT (Elstrom et al, 2004; Ward & Thompson, 2012) . Although Wnt plays a well-known role in homeostatic liver metabolism (Liu et al, 2011) and can crosstalk with metabolic pathways in normal cells such as differentiating osteoblasts (Sethi & Vidal-Puig, 2010; Esen et al, 2013) , there are little data implicating Wnt directly in the metabolic reprogramming of cancer.
Here, we probe the contribution of LEF/TCF/b-catenin activity to the metabolic programming of cancer cells. We block the downstream activity of Wnt through the disruption of b-catenin/LEF/TCF complexes by overexpressing dominant negative (dn)LEF/TCF isoforms that lack the b-catenin binding domain. We utilize both standard metabolomics analyses and a state-of-the-art microscopy technique for monitoring changes in the metabolism of living cells and tissues. The microscopy technique, called the phasor approach to fluorescence lifetime imaging microscopy (FLIM), utilizes twophoton microscopy for label-free detection of intrinsically autofluorescent molecules (Digman et al, 2008; Stringari et al, 2011) . In our study, we used FLIM to monitor the metabolic coenzyme nicotinamide adenine dinucleotide (NADH), the principle electron acceptor in glycolysis and electron donor in oxidative phosphorylation. NADH FLIM is especially powerful as it provides a non-invasive, rapid, and sensitive readout of the metabolic status of single cells within their native microenvironment. We recently used FLIM analysis to discover that stem cells at the base of intestinal crypts are highly glycolytic and that a metabolic trajectory of glycolysis-to-oxidative phosphorylation tracks with a gradient of strong-to-weak Wnt signaling in intestinal crypts (Stringari et al, 2012) . Here, we show through FLIM detection of free and bound NADH in vitro in living cancer cells and in vivo in living perfused tumors that blocking Wnt alters the metabolic program of cancer cells and leads to reduced use of aerobic glycolysis. We identify pyruvate dehydrogenase kinase (PDK1) as a novel Wnt target gene that promotes this effect, and we note that a cell-extrinsic effect of PDK1-driven glycolysis is enhanced tumor angiogenesis.
Results

Blocking Wnt alters the expression of metabolism-linked genes
Although multiple roles of Wnt signaling in colon cancer have been well studied, such as proliferation via regulation of the G1 phase of the cell cycle (van de Wetering et al, 2002) , there are other functions that have yet to be identified. To reveal new roles of Wnt in colon cancer, we performed Gene Ontology analysis of our recently published microarray data set (Hoverter et al, 2012) . This data set reflected the change in global gene expression when three different dominant negative (dn) LEF/TCF isoforms were individually and rapidly induced with doxycycline in DLD-1 colon cancer cells ( Fig 1A) . Induction of dnLEF/TCFs reduces Wnt signaling through interference with endogenous b-catenin/TCF and b-catenin/LEF complexes, and we therefore focused our analysis on genes that were downregulated within 8 and 22 h after induction. The ontology analysis was carried out using PANTHER software which classified the downregulated genes into different categories of biological processes (Thomas, 2003; Thomas et al, 2006) . A consistently large subset of regulated genes fell under the category of metabolism (Fig 1B and C; Supplementary Table S1 ). In fact, Panther binomial statistical analysis revealed that Wnt target genes connected to metabolism were the most highly overrepresented category compared to baseline representation of these genes in the human genome. These data, along with the notable downregulation of two key genes critical to cancer metabolism, pyruvate dehydrogenase kinase (PDK1) and the lactate transporter, MCT-1 (SLC16A1), led us to hypothesize that Wnt specifically and directly regulates a program of cellular metabolism in colon cancer cells.
dnLEF-1 and dnTCF-1Emut do not alter the cell cycle or proliferation in vitro
To test this hypothesis, we used dnLEF/TCF overexpression to block Wnt target gene regulation in colon cancer cell lines and examined resultant changes in metabolism. Knowing that overexpression of the potent dnTCF-1E or dnTCF-4E isoforms halts cell cycle progression and cell proliferation (van de Wetering et al, 2002) , while isoforms lacking the alternatively spliced C-terminal E-tail avoid this stall (Naishiro et al, 2001; Atcha et al, 2007) , we induced the expression of dnLEF-1N which naturally lacks E-tail sequences. In parallel, we also induced the expression of dnTCF-1Emut, a mutated form of dnTCF-1E with a five-amino acid substitution in the auxiliary C-clamp DNA binding domain in the E-tail that eliminates the control of proliferation (Atcha et al, 2007) . Use of these less potent dominant negative isoforms enabled an uncoupling of our test for effects on cell metabolism from effects on cycle progression. We utilized two different expression systems in two different colon cancer cell lines. In two independent clonal lines of DLD-1 colon cancer cells, we used a stably integrated doxycycline inducible system to express Flag-tagged dnLEF-1 [dnLEF-1(1) and dnLEF-1 (2)]. In a second cell line (SW480), we used a lentiviral system to express physiological levels of Flag-dnLEF-1 or Flag-dnTCF-1Emut. In all cases, transgene expression was assessed by Western blot ( Supplementary Fig S1A and E) , and functional disruption of Wnt activity was confirmed by repression of the luciferase reporter Super TOPFlash (STOP) ( Supplementary Fig S1B and F) . We also confirmed that dnLEF-1 and dnTCF-1Emut had no impact on cell proliferation ( Supplementary Fig S1C and G) or any parameter of the cell cycle profile ( Supplementary Fig S1D and H) . Cell cycle analysis performed at even longer time points of dnLEF/TCF expression also showed no change in the profile (data not shown). Overall, these data show that dnLEF-1N and dnTCF-1Emut expression have no effect on the cell cycle or the intrinsic ability of the cells to proliferate and can therefore reveal phenotypes of blocking Wnt that are uncoupled from these functions.
Blocking Wnt alters the metabolic program of colon cancer cells
One of the most recognized hallmarks of cancer is Warburg metabolism, or a tendency for cancer cells to utilize glycolysis rather than oxidative phosphorylation regardless of the availability of oxygen (Warburg, 1956) . We tested whether blocking Wnt alters carbohydrate metabolism by testing for changes in lactate (a byproduct of glycolysis) and ATP production (most efficiently produced via oxidative phosphorylation). A measure of lactate levels in the media of mock-infected SW480 cells compared to cells infected with lentivirus expressing dnLEF-1 or dnTCF-1Emut revealed a significant decrease in lactate production (Fig 2A and B) . This was true for both 2D conventional cultures and 3D suspension cultures in soft agar which were accompanied by a visual color change of the media (due to the secretion of excess lactic acid; Fig 2B) . The drop in lactate production occurred independently of cell number, which was not significantly altered because of the lack of any effect of dnLEF/TCF expression on proliferation (Fig 2A) . Similar analyses were performed in four different colon cancer cell lines ( Supplementary  Fig S2) . We also interfered with Wnt by application of the drug XAV939. This small molecule inhibitor targets poly-ADP-ribosyltransferases tankyrase 1, 2 to destabilize b-catenin, an action that works even in colon cancer cells where its destruction complex components are defective (Huang et al, 2009) . We observed similar decreases in lactate production upon XAV939 application, a change consistent with a decrease in Warburg-type metabolism (Fig 2C) .
Another hallmark of Warburg is less efficient production of ATP (since oxidative phosphorylation produces more ATP per molecule of glucose than glycolysis). We therefore measured changes in ATP levels in SW480 cells infected with dnLEF/TCF-expressing lentivirus. We observed that any interference with Wnt signaling triggered increases in ATP production, suggesting an increased utilization of oxidative phosphorylation versus glycolysis (Fig 2D) . We also tested for rates of glucose consumption, and as expected, rates were lower when either dnLEF/TCFs or XAV939 was used to disrupt Wnt signaling (Fig 2E-G) . For more precise measurements, we used Seahorse technologies to measure the glycolytic flux (extracellular acidification rate or ECAR) and mitochondrial respiration (oxygen consumption rate or OCR) of colon cancer cells subjected to our conditions. We observed that expression of dnLEF/dnTCF in SW480 cells lowered the rate of glycolysis, but did not significantly affect the rates of respiration (Fig 2H and I) . XAV939 treatment induced a similar effect, which we report as a 30-40% increase in the rates of oxidative phosphorylation relative to glycolysis (OCR/ECAR ratio; Fig 2J) .
While the above technologies are quantitative, they are single end-point measurements of an entire population of cells.
Recognizing that cancer metabolism can be heterogeneous and is best evaluated in living cells, we utilized the phasor approach to fluorescence lifetime imaging microscopy (FLIM) to evaluate metabolism. Specifically, we used FLIM to monitor dynamic shifts in patterns of aerobic glycolysis versus oxidative phosphorylation by following the signature of the metabolic and autofluorescent cofactor NADH. NADH autofluorescence can be excited at a specific wavelength (740 nm), and the pattern of the decay of this fluorescence differs depending on its bound or unbound state (Lakowicz et al, 1992) . Glycolytic cells have a predominance of free, unbound NADH. Respiring cells have high rates of oxidative phosphorylation and a predominance of bound NADH (e.g., NADH bound to mitochondrial enzymes; Monici et al, 2003; Croce et al, 2004) . The signature of fluorescence decay of NADH can be graphically represented on a 2D phasor plot where the decay rates for the pure free or bound species of NADH occupy very different positions (Becker et al, 2004; Colyer et al, 2008; Digman et al, 2008; Stringari et al, 2011) . In a complex cellular environment where combinations of free and bound NADH co-exist, fluorescence signatures of decay map to experimental points between the extreme phasor plot posi- Transporter Genes tions of the pure free and bound species (Fig 3A) . In other words, experimental positions on the phasor plot indicate the relative ratio of free to bound NADH and therefore the relative levels of glycolysis and oxidative phosphorylation. In our analysis, increases in the free/bound NADH ratio (rightward and downward shift of experimental points in the phasor plot) indicate more glycolysis and Data information: *P-value < 0.05; **P-value < 0.01; ***P-value < 0.001. (Bird et al, 2005; Skala et al, 2007; Yuan et al, 2007; Yu & Heikal, 2009) . To demonstrate the relationship between a phasor shift and a change in metabolism, cells were treated with potassium cyanide (KCN) for 1 min to block mitochondrial respiration and trigger an increase in reduced, free NADH. FLIM analysis (using two-photon microscopy at 740 nm to excite bound and free NADH) before and after KCN treatment moved the phasor distribution closer to the pure free NADH position, indicating a release of NADH from mitochondria and an increase in the ratio of free to bound NADH (Fig 3A) . This result is also visually confirmed through a falsecolor mapping of free/bound NADH overlaid pixel-by-pixel on the original images taken of the cells, where pink/red and blue/white represent, respectively, higher and lower concentrations of free NADH relative to bound NADH (Fig 3B) . A scatterplot display of the data enables a comparison of the average position of individual cells for each set of conditions and therefore reveals the spread of the data between replicates of the same conditions as well as between different experimental conditions. In this case, the phasor positions of each pixel within one cell are averaged and plotted as a single point (Fig 3C) .
To assess the impact of blocking Wnt target gene activation on the ratio of free to bound NADH, we performed FLIM analysis on normoxic cells expressing dnLEF/TCFs or cells treated with the XAV939 inhibitor. Doxycycline induction of dnLEF-1N in two different clonal DLD-1 cell lines caused the average phasor position to shift away from free NADH to the upper left of the scatterplot, toward bound NADH (Fig 3D, E and F) . This shift represents a decrease in free/bound NADH, a change that was also evident in the color mapping of NADH states in the DLD-1 cells. Parental Fig S3D) . To confirm this result in other colon cancer cells, we performed FLIM analysis on SW480 cells infected with empty virus or lentivirus carrying dnLEF-1N or dnTCF-1Emut expression cassettes (Fig 3G; additional dnTCF isoforms in Supplementary Fig S3A and C) , as well as analysis of cells treated overnight with XAV939, the Wnt signaling inhibitor (Fig 3H) . We also tested four other colon cancer cell lines that varied with respect to their endogenous level of Wnt signaling ( Supplementary Fig S3C) . Shifts in metabolism correlated directly with the ability to reduce Wnt signaling. These data suggest that blocking Wnt signaling in colon cancer cells results in a decrease in the ratio of free to bound NADH, which indicates a decrease in glycolysis. Taken together, our assessment of lactate production, ATP production, ECAR, OCR, glucose consumption, and FLIM signatures of NADH all indicates that oncogenic Wnt signaling promotes a glycolytic form of metabolism.
Blocking Wnt reduces PDK1 levels via regulation of transcription
We next asked whether the changes in metabolism induced by blocking Wnt could be attributed to any of the metabolism-linked target genes identified in the DLD-1 microarray experiments. One common target gene downregulated by all of the dnLEF/TCF proteins was pyruvate dehydrogenase kinase (PDK1). This kinase phosphorylates and inhibits the pyruvate dehydrogenase (PDH) complex in mitochondria (Roche et al, 2001) . Inhibition of PDH, in turn, reduces the conversion of pyruvate to acetyl-CoA for entry into the TCA cycle and oxidative phosphorylation. Therefore, PDK1 plays an important modulatory role in the promotion of a glycolytic phenotype and is therefore not surprisingly found to be upregulated in a number of cancers (Koukourakis et al, 2006; Wigfield et al, 2008; Baumunk et al, 2012) . To validate the microarray data and test whether PDK1 levels are modulated by b-catenin and LEF/TCFs, Western blot analysis was performed for both DLD-1 and SW480 cells expressing dnLEF-1 or dnTCF-1Emut. PDK1 protein levels were reduced 50-75% for all cell lines ( Fig 4A) . To confirm that this reduction is evident at the mRNA level, RT-qPCR analysis of PDK1 mRNA was performed for doxycycline-treated dnLEF-1 DLD-1 cells after 24 or 120 h of expression. At both time points, PDK1 mRNA levels were reduced to 60%, similar to the reduction observed at the protein level (Fig 4B and C) . Since there are four members of the PDK family (PDK1-4), we asked whether any of the additional PDK family members were also downregulated after blocking Wnt. RT-qPCR analysis of PDK2-4 levels in DLD-1 cells expressing dnLEF-1 indicates that neither PDK2 nor PDK3 levels were altered, while PDK4 showed a modest, but significant decrease from its already low basal level ( Fig 4B) . Overall, these data suggest that PDK1 and possibly PDK4 are regulated by Wnt/b-catenin signaling in colon cancer cells.
A possible connection between Wnt and metabolism occurs through the Wnt target gene, c-Myc, and in fact, previous reports suggest that under certain conditions, c-Myc can potentiate the upregulation of PDK1 levels (Kim et al, 2007) . We examined c-Myc levels after expression of dnLEF/TCF. With the exception of a slight decrease in c-Myc protein after 96 h of dnLEF-1 expression in DLD-1 cells (Fig 4A) , there is little to no difference in c-Myc mRNA or protein levels even after 120 h (Fig 4A and C) . This result also matches the previously published microarray, which showed no change in c-Myc mRNA after expression of dnLEF-1. Therefore, the change in PDK1 levels observed is independent of Wnt regulation of c-Myc.
To determine the kinetics of PDK1 transcription upon disruption of Wnt signaling, we used a 4-thiouridine labeling procedure to identify actively transcribed mRNAs (Dölken et al, 2008) . After induction of dnTCF-1Emut for 2 h, DLD-1 cells were incubated with a pulse of 4-thiouridine for 30 min to incorporate the nucleotide label into nascently transcribed RNA. After the pulse, cells were harvested and labeled RNA was purified via a biotinylation/streptavidin pull-down procedure (Dölken et al, 2008) . Semi-quantitative RT-PCR for PDK1 mRNA demonstrated that transcription of the PDK1 locus was immediately reduced upon the induction of dnTCF1E-mut expression ( Fig 4D) . The known Wnt target gene AXIN2 served as a positive control, and constitutive, ubiquitous UBA52 served as a negative control. Induction of dnTCF-1Emut reduced transcription by at least 50% for both PDK1 and AXIN2, demonstrating that PDK1 is likely to be a direct Wnt target gene. We have also performed a genome-wide ChIP-seq study of dnTCF-1E binding (N.P. Hoverter, M.D. Zeller, M.M. McQuade, A. Garibaldi, A. Busch, K.J. Hertel, P. Baldi and M.L. Waterman, in preparation) and discovered in the genome data set that TCF-1 binds to distal upstream ('Peak 1') and downstream ('Peak 2') sites surrounding the PDK1 locus (Fig 4E) . Each genomic region of TCF-1 occupancy contains three putative Wnt response elements (Supplementary Fig  S4) . We designed PCR primers specific to these two regions as well as the PDK1 promoter and an internal site in the locus as a negative control. Using chromatin immunoprecipitation procedures, we determined that TCF-1 directly binds to the distal sites but not the promoter (Fig 4E) . To test whether these sites confer transcription regulation in colon cancer cells, we subcloned each distal region next to the heterologous thymidine kinase promoter and luciferase open reading frame. Transient transfection assays showed that both fragments increased promoter activity in SW480 colon cancer cells and induction of either dnLEF-1 or treatment with XAV939 eliminated this regulation (Fig 4F) . We also tested these fragments for their ability to regulate the PDK1 promoter ( Supplementary Fig S4) . While both regions conferred a distinct, modest level of activation, the PDK1 promoter itself was markedly sensitive to downregulation by dnLEF-1 (Supplementary Fig S4) . These data demonstrate that PDK1 is a direct Wnt target gene and that regulation occurs through distal regulatory sites upstream and downstream of the locus.
PDK1 overexpression rescues the altered metabolic phenotype induced by blocking Wnt
To determine how much of the Wnt-driven metabolic signature depends on PDK1, we asked whether restored expression could rescue the metabolic shift induced by dnLEF-1. We used lentiviral infection of DLD-1 cells to restore physiological levels of PDK1. As shown in Fig 5A, dnLEF-1 expression alone led to a decrease in endogenous PDK1 levels and a decrease in glycolysis (a shift in the FLIM phasor position away from free NADH). In contrast, lentiviral restoration of normal PDK1 levels rescued the FLIM signature of glycolysis (a return of the phasor position back to that of cells not Fig 5A) . This rescue is also evident in the free/ bound NADH color mapping of the cells, showing similar levels of free/bound NADH in cells without doxycycline compared to cells with doxycycline and PDK1. When repeated in the second DLD-1 clonal line expressing dnLEF-1, a rescue of the FLIM signature was similar, indicating at least a partial rescue in the metabolic shift ( Supplementary Fig S5) . Taken together, these results suggest that reduction of PDK1 could be a major reason for the metabolic shift triggered by dnLEF/TCF interference with Wnt/b-catenin signaling.
Given that we propose PDK1 expression as a major Wnt target for glycolysis, we compared the effects of dnLEF/TCF to dichloroacetate (DCA), a well-known small molecule inhibitor of PDK1 (Whitehouse et al, 1974) . A 48-h treatment of DCA led to the same characteristic shift in the phasor plot toward bound NADH that was seen with expression of dnLEF/TCF, again indicating a decrease in a glycolytic phenotype (Fig 5B) . The FLIM shift corresponded to an increase in the ratio of oxygen consumption (oxidative phosphorylation) relative to the extracellular acidification rate (OCR/ECAR, Fig 5C) . These changes in metabolic metrics match previous reports that DCA treatment decreases lactate excretion (Bonnet et al, 2007) and increases ATP levels (Sun et al, 2011 ) similar to our measurements with dnLEF/TCF expression. Another reported phenotype of DCA treatment in cancer cells is an increase in sensitivity to chemotherapy treatment (Cairns et al, 2007; Stockwin et al, 2010; Tong et al, 2011) . Therefore, we examined whether dnLEF-1 forced similar increases in sensitivity to the chemotherapeutic agent irinotecan. We treated SW480 cells with DCA alone, dnLEF-1 alone, DCA with irinotecan, or dnLEF-1 with irinotecan. Neither 2.5 lM irinotecan nor dnLEF-1 alone had much effect on cell proliferation and 20 mM DCA had only a very slight impact. In contrast, both DCA and dnLEF-1 greatly enhanced the sensitivity of the cells to irinotecan, showing a synergistic decrease in the proliferation rate (Fig 5D) . These data suggest that dnLEF/TCF inhibition of PDK1 in many ways mimics the effects of DCA. However, while there was congruence between dnLEF/TCF and the DCA phenotypes, DCA targets all four members of the PDK family, not just PDK1. We therefore used lentiviral shRNA knockdown to test for the specific significance of PDK1 ( Supplementary Fig S5B and C) . Western blot analysis of multiple knockdown lines revealed reduced PDK1 protein levels and significant reduction of phosphorylation of its main substrate, mitochondrial pyruvate dehydrogenase (PDHpSer293, Supplementary  Fig S5B) . FLIM analysis of each knockdown cell line revealed significant shifts in the free/bound NADH signature that mimic the decrease in glycolysis observed with dnLEF1 or dnTCF1 expression or DCA treatment ( Supplementary Fig S5C) . These results indicate that PDK1 is an important Wnt target gene and that it contributes major activities to glycolysis. However, we also observed the knockdown cultures to revert to a glycolysis mode of metabolism several days later. Western blot analysis of the reverted cultures showed that while PDK1 protein levels remained low, phosphorylation of the target substrate pyruvate dehydrogenase had recovered, a sign of compensatory rescue via other PDK family members or other kinases (data not shown). Thus, the more stable shift in metabolism observed with DCA treatment or dnLEF1/dnTCF expression suggests that total cellular PDK activity is targeted by Wnt signaling beyond single, selective regulation of PDK1. We conclude that PDK1 is a major Wnt target gene, but that it is coordinately regulated within an entire gene program for glycolysis.
Blocking Wnt reduces in vivo tumor growth
Since growing cells in vitro (on plastic) does not accurately mimic the metabolic demands of an in vivo tumor, we tested the impact of dnLEF/TCF expression on cancer cells in a xenograft tumor model. As shown in Fig 6A, expression of dnLEF-1 or dnTCF-1Emut in SW480 cells injected into immune-deficient NOG mice drastically decreased tumor growth by up to 90%. The tumors created from cells expressing dnLEF/TCF had 20-30% fewer proliferating cells as measured by Ki67 staining (Fig 6B) . To compare the changes in protein expression in vivo with the previous results in vitro, we used Western blot analysis to examine levels of PDK1 and c-Myc. PDK1 protein was reduced in both dnLEF/TCF tumor types. Levels of c-Myc protein were variable but overall similar between the dnLEF-1-expressing tumors compared to mock, while c-Myc protein was significantly reduced in the dnTCF1Emut tumors (Fig 6C) . These results are consistent with the previously described microarray which showed a decrease in c-MYC RNA levels with dnTCF-1Emut, but not dnLEF-1 (Hoverter et al, 2012) . Western blot analysis also revealed stable reduction of pyruvate dehydrogenase phosphorylation in both dnLEF/TCF tumor types (PDHpSer293; Fig 6C) . Overall, the tumor analysis suggests that while tumors expressing dnLEF/TCF show similar reductions in PDK1 as cells in vitro, the expression of dnLEF/TCF has a much different effect on cell growth: no change in vitro but a strong, negative effect on growth in vivo. 
A
Whole-cell lysates from DLD-1 dnLEF-1(1) cells were collected 48, 72, and 96 h after 0.01 lg/ml doxycycline treatment and were probed with the antibodies shown. SW480 cells were harvested 48 h post-transduction. B, C RT-qPCR analysis was performed on RNA collected from DLD-1 dnLEF-1(2) cells harvested 24 h (B) or 120 h (C) after the addition of doxycycline. Graphs shown represent the average of three trials (AE SEM). D RT-qPCR analysis was performed on 4-thiouridine-labeled RNA isolated from a 30-min pulse in the presence/absence of dnTCF-1Emut, induced by 2-h doxycycline treatment in DLD-1 cells. Known Wnt target genes Axin2 and Uba52 were used as positive and negative controls, respectively. A representative graph is shown of two replicates, with error bars representing the SD among three internal replicates. E RT-qPCR analysis of chromatin immunoprecipitated from DLD-1 cells with or without induction of FLAG-dnTCF-1Emut, using anti-FLAG antibody. PCR primers designed to detect the indicated PDK1 genomic regions show that dnTCF-1Emut associates with distal regions that flank the PDK1 locus. A representative graph is shown of two replicates, with error bars representing the SD among three internal replicates. F Luciferase reporter activity in SW480 cells shows that Peak 1 and Peak 2 regions confer elevated transcription activity to the heterologous thymidine kinase (TK) promoter. Expression of transduced dnLEF-1, or treatment with the Wnt inhibitor XAV939 (10 lM), eliminates the regulatory activity of these fragments. Graph shown represents the average of three independent replicates (AE SD).
Data information: *P-value < 0.05; **P-value < 0.01; ***P-value < 0.001).
Source data are available online for this figure. A Western blot analysis of lysates collected from DLD-1 dnLEF-1(2) cells treated with or without 0.01 lg/ml doxycycline for 24 h and with or without PDK1 lentivirus for 72 h. FLIM imaging was performed at confluency (96 h doxycycline and 7 days post-transduction). Intensity images are shown on the left. FLIM results, shown through the free/bound NADH color mapping (right), as well as the scatterplot, show that doxycycline induction of dnLEF-1 shifted the phasor toward bound NADH, while PDK1 rescue shifted it back to its original position (P < 0.0001 comparing ÀDox to +Dox and comparing +Dox to +Dox+PDK1). B FLIM analysis of SW480 cells treated with 50 mM DCA for 48 h shows a phasor shift toward bound NADH (P < 0.0001 comparing +DCA to mock). C OCR/ECAR ratio of DCA (10 mM)-treated SW480 cells shows that blocking PDK1 activity doubles the oxygen consumption rate (mitochondrial activity) relative to the extracellular acidification rate (glycolysis-produced lactate). Data shown represent the average of three independent trials (AE SD; *P-value < 0.05). D Sulforhodamine B cell proliferation assay of SW480 cells treated with or without 2.5 lM irinotecan, 20 mM DCA, and dnLEF-1 lentivirus shows an increased sensitivity to irinotecan when treated with DCA or dnLEF-1. A representative graph of two trials is shown. Error bars represent the standard deviation between eight internal replicates.
Source data are available online for this figure.
The
To test whether the same change in metabolism that we detected in vitro by FLIM analysis is also detected in vivo, we adapted FLIM analysis for living, actively perfused xenograft tumors. For all tumors, tail vein injection of fluorescent dextran (FITC dextran) was used to continuously image live blood cell flow through the vasculature of the tumor. Mice were anesthetized and intact xenograft tumors were exposed (with feeder vessels preserved) followed by immediate stabilization of the mice over the microscope objective in a temperature-controlled environment. Non-invasive, confocal FLIM imaging was performed at depths between 50 and 200 lm around the subcapsular region of the tumors (see Supplementary Fig S6 for a schematic of in vivo FLIM). A similar metabolic response to Wnt signaling inhibition was observed with these analyses. That is, dnLEF/dnTCF1-expressing tumors were less glycolytic (phasor position shifted toward bound NADH; Fig 6D) . A notable difference compared to cells grown in monoculture in vitro was that xenograft tumors had a greater degree of variability in FLIM profile, reflecting the existence of a more complex tumor microenvironment (additional replicates shown in Supplementary Fig S7) . To test whether PDK1 expression could rescue this effect, we imaged xenograft tumors of dnLEF-1 cells that had been lentivirally transduced with a PDK1 expression vector prior to injection into the mice. PDK1 expression rescued the metabolic signature, shifting the phasor plot back toward the free NADH position (Fig 6D; Supplementary Fig S7) .
Blocking Wnt reduces tumor vessel density, while reintroduction of PDK1 restores it
Much of the cost and benefit analysis of glycolytic metabolism has focused on intracellular changes in metabolites and biosynthetic Error bars represent the SEM among eight replicates (***P-value < 0.001). B Ki67 staining of paraffin-embedded sections from xenograft tumors shows fewer Ki67-positive cells with dnLEF-1/dnTCF-Emut expression. Data shown represent the average of counts from at least eight fields. Error bars represent the SEM among at least eight replicates (*P-value < 0.05). C Western blot was performed on protein lysates prepared from freshly extracted xenograft tumors. Western blot analysis of endogenous PDK1 and its target, pyruvate dehydrogenase (pSer293-PDH), shows decreases when dnLEF-1 or dnTCF-1Emut tumors are expressed. cMYC expression shows variable levels of expression. D Phasor plot representation for the color mapping of in vivo tumor FLIM analysis, fluorescence intensity (top image panels), FLIM color mapping (bottom panels), and scatterplot analysis are as described in Fig 5 except that these analyses were performed on living, surgically exposed, yet still actively perfused, xenograft tumors. Both the free/bound NADH color mapping (bottom row) and scatterplot (average phasor position of individual cells within each tumor) show a shift in the phasor position toward bound NADH with dnLEF-1 expression and a return to free NADH with PDK1 overexpression (P < 0.0001 comparing dnLEF-1 to mock and comparing dnLEF-1+PDK1 to dnLEF-1). A minimum of three fields of view per tumor were analyzed. Data shown are from one mouse representative of eight replicates (additional tumor analysis in Supplementary Fig S7) .
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The EMBO Journal intermediates. However, imaging live tumors highlighted a striking extrinsic benefit of glycolytic metabolism on the tumor microenvironment. FITC dextran labeling of the vasculature revealed that the density of blood vessels was greatly diminished in dnLEF/TCFexpressing tumors (Fig 7A) . Thus, one important reason these dnLEF/dnTCF-expressing tumors were reduced in size was because of poor nutrient delivery. Interestingly, re-expression of PDK1 strictly in the injected tumor cells appeared to restore vessel density to levels equivalent to that of the mock tumors (Fig 7A) . To quantitate these changes, we stained tumor sections for the endothelial marker CD31 and counted vessel density in the same subcapsular region where the FLIM analysis was performed. Vessel density was greatly diminished in the tumors expressing dnLEF-1 or dnTCF-1Emut, but rescue expression of PDK1 returned vessel density back to the original level observed in the mock tumors (Fig 7B) . A few studies have shown that enhanced glycolysis can promote angiogenesis through the stabilization of HIF1a (Hunt et al, 2007; Milovanova et al, 2008; Sutendra et al, 2012) . We therefore evaluated HIF1a protein levels in the xenograft tumors. Interestingly, HIF1a protein levels were reduced upon dnLEF/TCF expression, and levels were at least partially restored with reintroduction of PDK1 (Fig 7C) . HIF1a mRNA levels were unaffected and stable in Western blot analysis was performed on protein lysates prepared from freshly extracted xenograft tumors. D, E RT-qPCR analysis of (D) HIF-1a and (E) VEGF expression in xenograft tumor RNA. HIF-1a mRNA levels do not change among the various tumors (normalized to GAPDH), but VEGF expression levels are downregulated in the dnLEF-1 and dnTCF-1Emut tumors. However, PDK1 rescue expression does not change the levels of either HIF-1a or VEGF mRNA. RT-qPCR data shown are representative of four replicate tumor sets. Error bars represent the standard error between three internal replicates. F Lactate levels in dnLEF/TCF-expressing tumors are reduced compared to MOCK levels and are partially restored with PDK1 rescue expression. Data show the average fold lactate levels (compared to mock) in five tumors for each condition, with error bars representing the SEM (*P-value < 0.05; ***P-value < 0.001).
The EMBO Journal Vol 33 | No 13 | 2014 ª 2014 The Authors all conditions (Fig 7D) , suggesting that regulation occurs at a posttranscriptional step. We also note that while the well-known angiogenic factor VEGF was downregulated in the dnLEF/TCF-expressing tumors, addition of PDK1 did not restore these levels (Fig 7E) , suggesting that the PDK1 rescue of angiogenesis is VEGF independent. Overall, dnLEF/TCF expression in vivo reduced tumor growth, reduced PDK1 levels, reduced the glycolytic metabolic signature (including tumor lactate levels, Fig 7F) , and reduced the density of blood vessels feeding the tumor. Restoration of PDK1 expression rescued both the change in metabolism and the reduction in vessel density, a striking demonstration of cell-autonomous and nonautonomous effects of a metabolic enzyme.
Discussion
Here, we report that Wnt/b-catenin signaling directs a metabolic program of glycolysis in colon cancer cells, a common cancer phenotype known as the Warburg effect. This metabolic change is accompanied by non-autonomous affects on the microenvironment in the form of increased vessel development. A direct Wnt target gene, PDK1, is identified to participate in both of these Wnt-driven, cancer-supporting phenotypes (model in Fig 8A) . We also describe for the first time the use of FLIM imaging to detect metabolic changes in living, actively perfused xenograft tumors. We suggest that effects on metabolism are a common, core function of all LEF/TCF family members and isoforms, even those isoforms previously understudied due to their lack of regulation of proliferation and the cell cycle. A prevailing theme in the field of cancer metabolism is that the same oncogenic pathways that drive transformation must also favor metabolic pathways that support this process (Ward & Thompson, 2012) . In fact, given that Wnt signaling plays a critical involvement in embryonic development, tissue remodeling, and cancer biology, and given that the success of these processes depends on tight coordination with the metabolic pathways that support them, it has been suggested that Wnt is a prime candidate for directing this 
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The EMBO Journal coordination (Sethi & Vidal-Puig, 2010) . Our study supports this paradigm as we demonstrate that blocking Wnt target gene activation alters cancer cell metabolism by reducing aerobic glycolysis. Two recent studies also support this conclusion. One study in breast cancer cells found that activation of Wnt signaling enhanced glycolysis through indirect actions of the transcriptional repressor Snail on cytochrome c oxidase, a component of the electron transport chain (Lee et al, 2012) . A second, more recent study found that Wnt stimulates a fast-acting, short-term Wnt-Lrp5-Rac1-mTORC2-Akt signal to upregulate protein and activity levels of glycolytic enzymes, including PDK1 (Esen et al, 2013) . Regulation occurred within 10-20 min of Wnt stimulation and was independent of b-catenin, LEF/TCFs, and transcription. Our findings contrast with this system because we find that b-catenin and LEF/TCF are required to directly target PDK1 transcription. Indeed, our test for a connection to mTORC2 was negative as inhibition of b-catenin with either dnLEF/TCF expression or XAV939 treatment for as long as 3 h had no effect on mTORC2 activity in DLD-1 and SW480 cells and inhibition of mTORC2 for 24 h with the specific mTOR inhibitor PP242 had no effect on PDK1 mRNA levels ( Supplementary Fig S9) . We propose that Wnt signals have short-term and long-term modes of metabolic regulation. Short-term modes trigger an mTOR kinase cascade that affects protein stability of glycolytic enzymes. Long-term modes use b-catenin to change gene expression of at least some of these enzymes as well as other metabolically relevant components (Fig 1C, Supplementary Materials and Methods) . This latter mode is of primary importance in cancers that harbor aberrant, chronic, elevated levels of Wnt signaling with or without Wnt ligands. Chronic Wnt signaling could transform the metabolic potential of cancer cells by elevating the overall levels of key components for glycolysis and thereby set the stage for robust Warburg metabolism in the face of whatever environment the transformed cells encounter.
PDK1 is a well-known, key metabolic regulator of glycolysis. This kinase phosphorylates the pyruvate dehydrogenase (PDH) complex to inhibit the first step of converting pyruvate to acetyl-CoA (Roche et al, 2001) , an important regulatory nexus between glycolysis and respiration. PDK1 phosphorylation of PDH suppresses entry of fuel into mitochondria and instead promotes glucose fermentation to lactate in the cytoplasm, an important activity for promoting the Warburg effect in cancer. Indeed, PDK1 is upregulated in numerous cancers, including colon cancer (Koukourakis et al, 2006; Wigfield et al, 2008; Baumunk et al, 2012) . Here, we propose that cancer relevant levels of Wnt signaling use LEF/TCFs for direct regulation of PDK1. PDK1 mRNA was identified through microarray analysis as downregulated after blocking Wnt in colon cancer cells (Fig 1) . Our chromatin immunoprecipitation, 4-thiouridine labeling, and transient transfection analyses show that this downregulation is direct (Fig 4D-F, Supplementary  Fig S4) . Genome-wide ChIP-seq studies by others (ENCODE; Kent et al, 2002) also show that the PDK1 gene locus is occupied by TCF-4 (TCF7L2) in multiple cancer cell lines (Supplementary Fig S8) . Interestingly, peaks of occupancy are also present in the promoter regions of the other PDK family members, especially for PDK2 and PDK4. It is possible that multiple PDK isoforms have the capacity to respond to Wnt signaling, a possibility underscored by our observation of compensatory recovery of PDH phosphorylation when PDK1 was selectively targeted for knockdown by shRNAs.
Our experiments demonstrate that PDK1 is a pivotal mediator of Wnt effects on metabolism as rescue of its expression restored glycolysis and vessel density in tumors. However, we expect that PDK1 is only one target of an entire gene program driven by Wnt to promote cancer-supporting metabolism. For example, while PDK1 knockdown caused a significant shift of metabolism in cultures, the shift was not as stable as the dnLEF/TCF treatments. Also, PDK1 rescue expression did not entirely restore tumor mass. It is possible that knockdown of a single Wnt target gene out of the context of an entire gene program is not sufficient to shift metabolism and tumor proliferation phenotypes. Ontology analysis identified additional metabolism-linked genes that were downregulated by dnLEF/TCFs (Fig 1 and Supplementary Table S1 ). This includes genes that encode nutrient and small molecule transporter genes that affect metabolic pathways. For example, the lactate transporter MCT-1 (monocarboxylate transporter-1 or SLC16A1) is a critical player in tumor metabolism and is upregulated in colon cancer (Pinheiro et al, 2008) . MCT-1 was downregulated with dnLEF/TCF expression, both by microarray analysis and by RT-qPCR analysis of xenograft tumors ( Supplementary Fig S8) . The MCT-1 promoter is occupied by TCF-4, especially in HCT116 colon cancer cells ( Supplementary Fig S8) , implicating MCT-1 as a Wnt target gene. Previous studies have identified other metabolism-connected Wnt target genes. For example, the well-known Wnt target gene c-Myc plays pivotal roles in cancer metabolism, driving both aerobic glycolysis and glutaminolysis (Osthus et al, 2000; Wise et al, 2008; Dang, 2010) . In fact, c-Myc has been shown to enhance HIF-1a-mediated regulation of PDK1 (Kim et al, 2007) . We note here, however, that c-Myc is not required in our system to mediate changes in metabolism as its levels are not altered with the expression of dnLEF-1 (supported by our microarray, Western blot, and RT-qPCR analyses). However, as Wnt/bcatenin signaling is the main driver of colon cancer, we expect that the Wnt target c-Myc should cooperate with the genes identified in our study to collectively drive strong, glycolytic signatures of Warburg metabolism. Additional Wnt target genes linked to glycolysis have also been identified in the liver. For example, Chafey et al show that Wnt augments LDH (lactate dehydrogenase) activity and downregulates two mitochondrial ATPase subunits in hepatocytes, thus driving glycolysis at the expense of oxidative phosphorylation (Chafey et al, 2009 ). While it is not clear whether these effects are direct or indirect, these data along with the other evidence above suggest that Wnt signaling promotes a gene program that supports a cancer-promoting metabolic profile of enhanced aerobic glycolysis.
Given the strong evidence for direct regulation of PDK1 transcription, we asked whether Wnt and glycolysis gene programs were correlated in primary human tumors. We used publically available gene expression data from The Cancer Genome Atlas Data Portal to test for correlations between PDK1 expression and signatures of overactive Wnt signaling (TCGA, https://tcga-data.nci.nih.gov/ tcga/). No correlation was identified, a finding consistent with recent studies of large tumor data sets (> 2,500) that found confounding levels of heterogeneity for gene signatures of metabolism, and consistent with our observation of compensatory PDK activities in PDK1 shRNA-knockdown lines (Hu et al, 2013) . Nevertheless, a different method of analysis detected links between Wnt signaling and glycolysis in tumors (Supplementary Fig S10) . In this analysis, a comparison of the expression level of Wnt and glycolysis genes (defined by Kyoto Encyclopedia of Genes and Genomes (KEGG)) was used for unsupervised clustering of 238 human tumors into nine tumor groups with one group of 21 tumors strongly clustered (group 4, Supplementary Fig S10A) . This same cluster was detected when gene signatures were compared via distance measures within the cluster versus the other eight tumor groups ( Supplementary Fig S10B) . Strong similarities (correlations and anticorrelations) between Wnt signaling components and glycolysis genes were detected within this group, relationships that distinguished the cluster from the remaining clusters. Importantly, PDK1 ranked as a highly correlated gene in the 21 tumors, its expression most often having negative, anti-correlations with Wnt components (see Supplementary Materials and Methods). The majority of anticorrelating genes encode antagonists of Wnt signaling or components of non-canonical Wnt signaling, and interestingly, the STRING algorithm for protein interaction networks revealed that most of these anti-correlating components engage in direct or indirect interactions with the Wnt component Dishevelled (Supplementary Fig  S10C; Szklarczyk et al, 2011) . These data are compelling because any kind of clustering of colon tumors on the basis of gene expression suggests a promising approach to probe differences between tumors for diagnosis and/or prognosis and they most certainly warrant further investigation and validation.
Most tumorigenic actions of signaling pathways like Wnt represent distorted use of normal functions crucial to cellular homeostasis. How might Wnt promotion of aerobic glycolysis be beneficial to normal tissues? One organ that illustrates this benefit is the liver where Wnt signaling regulates liver function, including functional and anatomical liver zonation, hepatocyte maturation, and glycolytic metabolism (Tan et al, 2006; Thompson & Monga, 2007; Colletti et al, 2009; Gebhardt & Hovhannisyan, 2010) . The pancreas is also central to whole-body glucose homeostasis, a tissue that exhibits important links between Wnt signaling and disease. In fact, polymorphisms in the TCF7L2 (TCF-4) locus encode the strongest links to risk of diabetes of any SNP (Grant et al, 2006; Lyssenko et al, 2007; Cadigan & Waterman, 2012) . Most relevant to our study is that Wnt regulation of glycolysis is important to normal intestinal tissue. We recently used FLIM analysis to identify a metabolic gradient along the crypt-villus axis of the mouse small intestine (Stringari et al, 2012) . Consistent with our finding that Wnt signals drive a glycolytic phenotype, we observed the strongest glycolytic signatures at the base of the crypt and lowest at the top of the villi, correlating with high and low Wnt activity, respectively. According to our model (Fig 8A) , Wnt promotes a glycolytic signature through the regulation of PDK1, which then promotes HIF1a stabilization. Consistent with this model, we observe high levels of PDK1 protein and its target, phospho-PDH, at the bottom of human intestinal crypts (Fig 8B) . Stabilized HIF1a is also detected in crypt bases (in addition to the hypoxic region at the tops of crypts as has been reported previously) (Giles et al, 2006; Fig 8B) . Wnt-stimulated HIF1a stabilization could contribute to a positive feedback loop to support glycolysis in the intestinal stem cell niche as HIF1a targets several components of glycolysis. Wnt also plays an important direct role in the maintenance of stem cells (Korinek et al, 1998; Nusse, 2008) , which utilize aerobic glycolysis as a metabolic resource (Suda et al, 2011; Zhou et al, 2012) . The benefits of this type of metabolism in stem cells include support for proliferation as well as reduction in ROS (reactive oxygen species) production to protect the integrity of the genome (Kondoh et al, 2007; Prigione et al, 2010) .
In the present study, we identify a new link between Wnt signaling and tumor angiogenesis. Although Wnt has been connected to angiogenesis through direct regulation of VEGF expression (Zhang et al, 2001) , we report for the first time the role of Wnt-directed PDK1 expression in this process. Indeed, PDK1 and PDK2 have recently been shown to enhance angiogenesis (McFate et al, 2008; Sutendra et al, 2012) . We suggest that one mechanism for this phenomenon is increased lactate production because levels of this metabolite were increased in PDK1 rescue tumors (Fig 7F) . Lactate has been associated with increased angiogenesis via reduced ADP ribosylation and stabilization of HIF-1a protein (Lu et al, 2002; Hunt et al, 2007; Milovanova et al, 2008) . Stabilized HIF-1a could enhance angiogenesis at least partly through upregulation of VEGF (Forsythe et al, 1996; Pugh & Ratcliffe, 2003) and SDF-1 (stromal cell-derived factor-1; Karshovska et al, 2007) . While we observe changes in HIF1a levels that correlate with tumor vessel density, we did not observe concomitant changes in VEGF levels, suggesting that other angiogenic factors such as SDF-1 might be relevant (Fig 7C-E) . Even though the exact mechanism linking Wnt and PDK1 to angiogenesis is not known, our discovery that PDK1 rescues vascularization highlights how the metabolic status of cancer cells communicates to the tumor microenvironment.
Consistent with our finding that oncogenic Wnt regulates PDK1, blocking Wnt mimics the effects of small molecule inhibition of the PDK family of kinases through DCA. DCA treatment reduces glycolysis, increases oxidative phosphorylation, decreases lactate production, increases cancer cell sensitivity to chemotherapy drugs, and reduces xenograft tumor mass and vascularity (Bonnet et al, 2007; Papandreou et al, 2011) . A DCA trial in human glioblastoma patients resulted in promising tumor regression, as well as enhanced tumor apoptosis, and to note: decreased tumor vascularity (Michelakis et al, 2010) . Collectively, results from multiple studies suggest that the effects of DCA are much more robust in vivo than in vitro (Papandreou et al, 2011) , mirroring our lack of growth phenotype when blocking Wnt in culture, as opposed to the drastic reduction in xenograft tumor size in vivo. This could be attributed to the excess nutrients available in in vitro culture which can mask dependencies on specific metabolic pathways. More intriguing is the possibility that DCA and dnLEF-1 expression are more effective in vivo because blocking aerobic glycolysis has profound effects on the tumor microenvironment, such as reduced vascularity. Our study therefore has important implications for the development of cancer therapies targeting the Wnt pathway and for testing Wnt inhibitors in vivo, as inhibitors that do not block proliferation or cell cycle progression in artificial culture conditions in vitro may still be effective at limiting tumor growth in vivo via their effects on the more sensitive Wnt metabolism program. In fact, partial interference with oncogenic Wnt signaling may be an effective treatment strategy as it might normalize metabolic activity in tumor cells while preserving essential Wnt signaling functions in normal cells such as cell cycle and cell differentiation programs. bovine serum (FBS) and 2 mM glutamine. Unless otherwise stated, experiments were performed in the same media. DLD-1 dnLEF-1 and dnTCF-1Emut stable cells were created by transfecting Tetinducible dnLEF-1N or dnTCF-1Emut into DLD-1 TR7 cells (a generous gift from M. van de Wetering and H. Clevers) as previously described (Yokoyama et al, 2010; Hoverter et al, 2012) . Cells were maintained in 500 lg/ml zeocin and 10 lg/ml blasticidin. However, it was found that dnLEF/TCF expression in the presence of zeocin reduces cell proliferation (Yokoyama et al, 2010 , and data not shown). Therefore, in order to avoid any contribution from zeocin, all experiments were performed in the absence of antibiotics. Induction of dnLEF-1 or dnTCF1-Emut was achieved through the addition of 0.01 or 1.0 lg/ml doxycycline to the media, respectively. Lentiviral constructs were cloned via Cold Fusion (System Biosciences) by inserting coding sequences for Flag-tagged dnLEF-1N, Flag-tagged dnTCF-1Emut (Atcha et al, 2007) , or Flag-tagged PDK1 [a gift of Jean Zhao (Boehm et al, 2007) ; Addgene plasmid #20564] into pCDH lentivector (System Biosciences; SBI #CD533A-2). See Supplementary Materials and Methods for cloning information regarding TK and PDK1 reporters.
Lentiviral preparation and infection
Lentivirus was prepared and target cells were transduced using System Biosciences lentivirus technology according to their specifications (see Supplementary Materials and Methods for details). Cells were harvested for subsequent assays 72 h post-transduction unless otherwise stated.
Lactate assay
Lactate measurements were performed on media collected from both cells grown in suspension (soft agar) and cells grown on solid support (plastic). SW480 cells were embedded in soft agar 72 h post-transduction at a concentration of 1,000 cells in 2.5 ml of 0.3% agar (in DMEM with 20% FBS). Fresh media were added once a week. After 22 days of growth (5 days since last media change), images of wells were taken and media were collected. For cells grown on plastic, SW480 cells (72 h post-transduction) were seeded in a 96-well plate at 5,000 cells per well. Media were changed after 72 h and then left unchanged until media were collected after 7 days. Media were collected from three triplicate wells, while the number of cells in three wells was determined using the SRB assay (described below). SW480 cells treated with XAV939 (Sigma X3004) were treated with either 10 lm XAV939 or DMSO for at least 4 days prior to media collection. For lactate measurements of xenograft tumors, pre-weighed flash-frozen xenograft tumors were homogenized in a Precellys 24 homogenizer in the presence of 10 ll HBSS (Hank's balanced salt solution) per mg tissue at 6,000 rpm, twice, for 15 s each. Tissue extraction and lactate assay were performed according to L-Lactate Assay kit (Eton Bioscience #1200011002). All measurements were performed in triplicate.
Sulforhodamine B cell growth (SRB) assay
Cells were seeded in 96-well plates at 5,000 cells per well with eight replicates for each condition and time point. Media were refreshed every day (with or without 0.01 lg/ml doxycycline, 2.5 lM irinotecan, or 20 mM DCA as needed). Cells were fixed and stained according to published protocols (Skehan et al, 1990 ) for a 10-day period. Optical density readings were performed at 450 nm.
ATP assay SW480 cells were seeded at 125,000 cells per well (12-well plate) 72 h post-transduction and harvested 96 h after seeding. ATP measurements were performed according to the ENLITEN ATP Assay System (Promega #FF2000). All measurements were performed in triplicate.
Glucose consumption assay
Cells were seeded at 5,000 cells per well in a 96-well plate and media were harvested 6 d later. Low glucose media (DMEM or RPMI with 5.5 mM glucose) were added 24 h (SW480) or 12 h (DLD-1) prior to harvest. XAV939 (10 lM) treatment was performed for 4 days, while doxycycline was added throughout the experiment to induce dnLEF-1 in DLD-1 cells. Glucose concentration in the media was determined according to Glucose (HK) kit (Sigma GAHK20).
XF24 Extracellular Flux Analyser
Metabolic rates of oxygen consumption (OCR) and extracellular acidification (ECAR) were measured using an XF24 Extracellular Flux Analyser (Seahorse Bioscience) as described previously (Zhang et al, 2012) . Cells were plated at a density of 100,000 cells per well in a XF24 Cell Culture Microplate (Seahorse #100777-004). One hour before the assay, growth media were replaced by XF Assay Medium (Seahorse #102365-100) supplemented with 5.5 mM glucose and adjusted to pH 7.4. Oligomycin, rotenone, and antimycin A were prepared for final concentrations of 1 lM, and FCCP was prepared for a final concentration of 200 nM. Inhibitors were injected during the measurements: 2 min of mixing, 2 min of incubation, and 4 min of measurement. After the assay, protein was collected and measured with BCA Protein Assay Reagent (Thermo # 23225) for data normalization. XAV939 and DCA were added 16 h before assay at concentrations of 10 lM and 10 mM, respectively, and were maintained in the XF Assay Medium during the measurements. To exclude non-mitochondrial oxygen consumption, OCR values were calculated by taking the difference between the OCR before the addition of inhibitors and the OCR after the addition of rotenone and antimycin A.
Fluorescence lifetime imaging microscopy (FLIM) of cells in vitro
Cells were seeded at 150,000 cells per plate (35-mm glass bottom dishes). Infection with lentivirus was performed 72 h prior to seeding. Treatment with 0.01 lg/ml doxycycline was performed starting at the time of seeding. FLIM imaging was performed 5 days after seeding (under confluent conditions). Both XAV939 (10 lM) and DCA (50 mM) were added 48 h prior to imaging. For KCN treatment, cells were treated with 4 mM KCN 24 h after seeding. Cells were imaged by FLIM before the addition of KCN, as well as 1 min after treatment. Fluorescence lifetime images were acquired with a two-photon microscope coupled with a Becker and Hickl 830 card (Becker and Hickl, Berlin Methods for additional description of FLIM hardware, software, and analysis.
Western blot analysis
Thirty micrograms of lysate was analyzed by Western blot using the following antibodies: Flag (1:1,000; Cell Signaling #2368), lamin (1:1,000 Cell Signaling #2032), PDHK1 (1:1,000 Cell Signaling #3820), c-Myc (1:1,000 Cell Signaling #5605), PDHpSer293 (1:1,000 Calbiochem #AP1062), HIF1a (1:1,000 Genetex #GTX127309), AKT (1:1,000 Cell Signaling #9272), phospho-Akt (Ser473; 1:1,000 Cell Signaling #9271), and secondary antibody (1:15,000 anti-rabbit IgGhorseradish peroxidase; Amersham). Blots were imaged on the Fujifilm LAS4000 Imaging System. For the preparation of xenograft lysates, tumors were homogenized in a Precellys 24 homogenizer in the presence of lysis buffer at 6,000 rpm, twice, for 15 s each.
Real-time PCR
Total RNA was isolated with Trizol from DLD-1 cells after treatment with doxycycline for either 24 h or 120 h. Xenograft tumors were homogenized in a Precellys 24 homogenizer in the presence of Trizol at 6,000 rpm, twice, for 15 s each. A total of 2 lg of RNA was reverse-transcribed using random primers according to the High Capacity cDNA Reverse Transcription kit (Invitrogen #4374966). Real-time quantitative PCR (RT-qPCR) was performed with Maxima SYBR Green/ROX qPCR Master Mix (Fermentas #K0222). Relative change in gene expression was calculated using the DDC t method using GAPDH expression for normalization. See Supplementary Materials and Methods for a list of primer sequences.
4
0 Thiouridine labeling and isolation of nascent RNA 4 0 Thiouridine labeling was performed in duplicate following 2 h of mock (no doxycycline) or 1.0 lg/ml doxycycline treatment of DLD-1 colon cancer cells. 500 lM 4 0 thiouridine (Sigma) was added to cells for 30 min at 37°C. Collected cells were resuspended in 4 ml Trizol reagent and total RNA purified. Labeled RNA was chemically biotinylated and purified using streptavidin-coated magnetic beads as described (Dölken et al, 2008) . Briefly, 4 0 thiouridine-labeled RNA was biotinylated with 2 ll biotin-HPDP [Pierce: 1 mg/ml dissolved in dimethylformamide]/1 lg RNA added to 1 ll 10× biotinylation buffer (100 mM Tris pH 7.4, 10 mM EDTA) and 7 ll water] for 1.5 h at room temperature with rotation followed by RNA precipitation. Biotinylated RNA was separated from bulk, unlabeled RNA using streptavidin-coated magnetic beads (lMacs Streptavidin kit).
Chromatin Immunoprecipitation (ChIP)
DLD-1 cells with or without 2 h doxycycline treatment (to induce expression of FLAG-dnTCF-1Emut) were cross-linked with 1% formaldehyde in 1× PBS for 12 min at room temperature. Cross-linking was quenched with 125 mM glycine for 5 min, and recovered cells were washed with 1× PBS. Cellular lysates were balanced for immunoprecipitation by Bradford assay (500 arbitrary units (AU) per sample) and pre-cleared with 30 ll His-magnetic beads (Invitrogen 10103D) for 30 min prior to the addition of 50 ll of FLAG antibody-conjugated magnetic beads (Sigma A2220). FLAG antibody beads were pre-blocked by 3 washes with 1 ml 1× PBS/BSA solution (5 mg/ml BSA fraction V in 1× PBS). Immunoprecipitations were carried out overnight at 4°C followed by magnetic separation and two 5-min washes with 1 ml LiCL buffer (100 mM Tris pH 7.5, 500 mM LiCl, 1% NP-40, 1% sodium deoxycholate). Beads were washed twice with cold 1× TBS before suspension in proteinase K buffer [30 mM Tris-HCl pH 8.0; 5 ll of proteinase K (20 mg/ml)] and 300 mM NaCl for an overnight incubation at 65°C. ChIP DNA was recovered with the Fermentas GeneJET PCR Purification Kit in preparation for PCR. Real-time PCR (RT-PCR) was used to quantify enrichment of PDK1 gene locus regions. Primers specific to the genomic regions are provided in Supplementary Materials and Methods.
Luciferase assay
Cells were seeded at 2.5 × 10 5 per 6-well 24 h prior to transfection.
Each well was transfected with 0.1 lg Super8xTopflash (kind gift from Dr RT Moon) or TK or PDK1 luciferase reporters and 0.1 lg thymidine kinase b-galactosidase plasmid using BioT transfection reagent (Bioland Scientific). Cells were treated with 0.01 lg/ml doxycycline or 10 lM XAV939 at the time of transfection where indicated. Cells were harvested 24 h post-transfection and assayed for luciferase activity and b-galactosidase activity (for normalization).
Xenograft tumors
SW480 stable transductants for xenograft injection were prepared through lentiviral infection with pCDH vector alone, dnLEF-1 or dnTCF-1Emut, with or without PDK1, followed by selection with 500 lg/ml G418. Cells (2.5 × 10 6 ) were injected subcutaneously into immune-deficient NOG mice. Tumors were removed and measured 4 weeks after injection. Xenograft tumors for FLIM analysis were injected at 5 × 10 6 cells per tumor and allowed to grow for 3 weeks.
Fluorescence lifetime imaging microscopy (FLIM) of in vivo xenograft tumors
All animal procedures were approved by the UC Irvine IACUC. Nine-week-old NOG mice (Jackson Labs) with 3-week-old xenograft tumors were anesthetized with 100 mg/kg ketamine/10 mg/ kg xylazine. FITC or TRITC dextran (155 kDa; 12.5 mg/ml) was injected into the tail vein to label the tumor vasculature. Xenografts were exposed via a skin flap cut so as to avoid severing the xenografts' feeder vessels. The mice were positioned on the stage in an environment chamber maintained at a constant 27°C. Images were acquired at an average depth of 50-200 lm, using FITC/ TRITC labeling of vessels to distinguish tumor cells from metabolically distinct endothelial and blood cells. At least three 78-lm fields of view were imaged for each tumor. Tumors were examined from eight mice. Fluorescence lifetime images were acquired with a Zeiss 710 microscope (see Supplementary Materials and Methods for additional description of FLIM hardware, software, and analysis).
Immunohistochemistry
For Ki67 staining, deparaffinized 3.5-lm sections of formalin-fixed paraffin-embedded (FFPE) tumor xenografts were stained for Ki67 (Dako #M7240, 1:400 dilution) using a Ventana Benchmark Ultra autostainer with peroxidase-based detection. For each section, the number of positive nuclei per 8-10 fields (at a 20× magnification) was manually enumerated and the mean AE SEM was calculated. For CD31 staining, sections of FFPE tumor xenografts were blocked in avidin-biotin and a Mouse-On-Mouse kit (Vector Labs, Burlingame, CA) and subjected to antigen retrieval (citrate buffer pH 6.0 with steaming) and then incubated in a 1:50 dilution of anti-mouse CD31 (Dianova rat anti-mouse CD-31, #DIA-310), followed by peroxidase development. Enumeration of vessel density was done by counting vessels in every cross-section within the subcapsular region of each tumor sample and calculating mean AE SEM. For PDK staining in small intestine and phospho-PDH and HIF-1a staining in colon, following pressure cooker antigen retrieval in citrate buffer, sections were blocked in 3% H2O2, goat serum, and avidin-biotinblocking reagent (Vector Labs). Sections were incubated in primary antibodies such as anti-PDK (Santa Cruz sc-28783, 1:1,000), antiPDHpSer293 (Calbiochem #AP1062, 1:200), and anti-HIF-1a (Thermo PA1-16601, 1:500), followed by biotinylated secondary antibodies and visualization using a peroxidase-conjugated avidinbased Vectastain protocol. Slides were then counterstained with hematoxylin and mounted.
Bioinformatic analysis of human adenocarcinoma gene expression
Analysis of Wnt signaling and glycolysis pathway gene expression in human colon cancer used the publicly available colon adenocarcinoma (COAD) mRNA expression data from The Cancer Genome Atlas (TCGA) Data Portal (https://tcga-data.nci.nih.gov/tcga/). Gene memberships of the Wnt signaling and glycolysis pathways were used as defined by Kyoto Encyclopedia of Genes and Genomes (KEGG). Hierarchical clustering of log2-transformed normalized expression of 238 tumors was used to identify groups of tumor samples showing similar expression profiles for the 185 analyzed genes as well as direct tumor-to-tumor correlations for the expression of pathway components. STRING analysis (http://stringdb.org; Szklarczyk et al, 2011) was used to display interactions among the PDK1 correlating genes. For additional details, see Supplementary Materials and Methods.
Statistical analysis
Statistical evaluation was performed by Student's unpaired t-test. P < 0.05 was considered statistically significant.
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